Genome maintenance and integrity requires continuous alterations of the compaction state of the chromatin structure. Chromatin remodelers, among others the INO80 complex, help organize chromatin by repositioning, reshaping, or evicting nucleosomes. We report on INO80 nucleosome remodeling, assayed by single-molecule Foerster resonance energy transfer on canonical nucleosomes as well as nucleosomes assembled from tailless histones. Nucleosome repositioning by INO80 is a processively catalyzed reaction. During the initiation of remodeling, probed by the INO80 bound state, the nucleosome reveals structurally heterogeneous states for tailless nucleosomes (in contrast to wild-type nucleosomes). We, therefore, propose an altered energy landscape for the INO80-mediated nucleosome sliding reaction in the absence of histone tails.
Genome maintenance and integrity requires continuous alterations of the compaction state of the chromatin structure. Chromatin remodelers, among others the INO80 complex, help organize chromatin by repositioning, reshaping, or evicting nucleosomes. We report on INO80 nucleosome remodeling, assayed by single-molecule Foerster resonance energy transfer on canonical nucleosomes as well as nucleosomes assembled from tailless histones. Nucleosome repositioning by INO80 is a processively catalyzed reaction. During the initiation of remodeling, probed by the INO80 bound state, the nucleosome reveals structurally heterogeneous states for tailless nucleosomes (in contrast to wild-type nucleosomes). We, therefore, propose an altered energy landscape for the INO80-mediated nucleosome sliding reaction in the absence of histone tails.
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In eukaryotic cells, DNA is packed into the dense chromatin structure. ATP-dependent chromatin remodelers that are conserved from fungi to mammals [1] balance the tradeoff between the dense packing of DNA and the accessibility of DNA for transcription, DNA damage repair, and DNA replication. They organize chromatin by sliding, repositioning, reshaping, or ejecting nucleosomes [2, 3] . These chromatin remodelers with an ATPase domain belonging to the DNA/RNA helicase superfamily 2 (SF2) [4] group into different phylogenetic subfamilies (SWI/SNF, ISWI, CHD, INO80) [1, 3, 5] . In Saccharomyces cerevisiae, different chromatin remodelers are known to have specific and partly redundant functions to establish the position of the +1 nucleosome and to establish wellpositioned nucleosome arrays in the gene body [6] .
The basic building block of chromatin is the nucleosome core particle (NCP). The NCP contains the histone octamer and 145-147 bp of DNA [7] [8] [9] . The histone fold domains of two copies each of histones H2A, H2B, H3, and H4 form the octamer core of the nucleosome, which is wrapped approximately 1.7 times by nucleosomal DNA [8] . This NCP together with linker DNA constitutes the primary substrate for Abbreviations at, all tailless; crDNA, competitor DNA; FRET, Foerster Resonance Energy Transfer; PDA, probability distribution analysis; NCP, nucleosome core particle; PIE-MFD, pulsed interleaved excitation combined with multiparameter fluorescence detection; RT, room temperature; SHL, superhelical location; wt, wild-type. chromatin remodelers. The N-terminal histone tail domains of the four core histones and the C-terminal histone tail of H2A extend beyond the compact NCP structure [8, 10] .
The stability and plasticity of various nucleosome variants could be an important physicochemical aspect in shaping chromatin and the activity of remodeling processes. While structurally the fold of the histone octamer is well understood, considerably less is known about how histone tails together with numerous functional modifications control the accessibility and stability of nucleosomes [11, 12] . For instance, tailless nucleosomes show a decreased stability, in particular attributed to removing stabilizing effects of H2B and H3 tails [13, 14] . Direct insight into nucleosome stability comes from single-molecule force spectroscopy experiments [15, 16] . In particular, single-molecule methods have been of great interest to delineate altered DNA wrapping dynamics in the absence of histone tails [17] and partial DNA unwrapping for H4 tail acetylation [18] . Along this line, single-molecule Foerster Resonance Energy Transfer (FRET) methods applied on nucleosomes [19] showed altered nucleosome stability due to unspecific histone modifications [20] , in the presence of specific globular histone fold acetylation [21, 22] or after incorporation of histone variants [23] . Most of these studies probing variations of the histone octamer made use of the SELEX-generated '601 Widom' positioning DNA sequence (601 sequence) [24] . Importantly, also the DNA sequence influences nucleosome stability [20, 25] . In particular, in the case of the widely used 601 sequence, it is known that either side of the nucleosome shows differential DNA flexibility [26] .
So far, single-molecule nucleosome remodeling FRET studies (that mostly monitor the nucleosome entry and/or exit DNA) probed DNA translocation on canonical nucleosomes by single subunit chromatin remodelers [27] , chromatin remodelers comprising a few subunits [28, 29] , and the multi-subunit RSC remodeler [30] . Interestingly, these and other studies report incremental movement of DNA with 1-2 bp steps [28, 30, 31] as postulated by structural models [32] .
INO80 is a conserved multi-component complex [33] , which has been linked to numerous DNA-based metabolic processes, such as transcription regulation [34] [35] [36] [37] , DNA damage repair [38, 39] , and DNA replication [40, 41] . In yeast, the Ino80-ATPase together with the INO80 subunit 2 (Ies2) form a functional scaffold that assembles three multi-subunit-submodules forming a 19 subunit and > 1 MDa INO80 complex [42, 43] . It can robustly slide nucleosomes on DNA in vitro [44, 45] , while its H2A/H2B histone exchange activity is under debate [46] [47] [48] . Recently, it has been suggested that both activities can be explained by a unifying mechanism, involving Ino80-ATPase translocation close to the DNA entry site of nucleosomes and thus close to the DNA-H2A/B interface [49] . This interpretation is supported by the observation that in contrast to other remodelers, the INO80 complex does not require octamer flexibility at the H3/H4 proteinprotein interface for nucleosome remodeling [50] . However, due to the lack of direct mechanistic studies on nucleosome remodeling at the level of single molecules, such mechanistic hypotheses yet await experimental verification.
Here, we establish single-molecule level binding and sliding assays for INO80 to help decipher its mechanism in sliding and positioning of nucleosomes. We have developed a single-molecule FRET assay that reports on nucleosome sliding by a marked change in FRET efficiency of a double-labeled nucleosome. As a first step, we will focus on the effect of histone tails on nucleosome recognition and sliding by INO80 by comparing results on wild-type and all tailless nucleosomes. When using surface-immobilized nucleosomes, we observe that the INO80 complex repositions both wildtype and all tailless nucleosomes in a processive manner. However, the initial conformation of the nucleosome entry DNA in the presence of INO80 and ADP differs in both cases. We, therefore, propose that the breakage of the histone-DNA contacts near the nucleosome entry site imposes an important regulatory barrier to the initiation of INO80 nucleosome remodeling.
Materials and methods

Protein purification
The DNA sequence of human histone proteins (Table S3) was cloned in individual pET21a (Novagen, now Merck, Darmstadt, Germany) vectors and provided by the L€ angst laboratory (University of Regensburg). Histone proteins were recombinantly expressed in Escherichia coli and purified individually, and histone octamers were formed as described in Refs [51] and [52] . The histone octamer refolding product was separated from side products by size exclusion chromatography on a Superdex 200 16/600 (GE Healthcare, Chicago, IL, USA) column in 2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 5 mM beta-Mercaptoethanol running buffer. Octamer formation was verified on an 18% polyacrylamide SDS gel with Coomassie staining (data not shown).
The ScINO80 complex was recombinantly expressed and purified from insect cells (Eustermann et al. to be published elsewhere). The purified INO80 complex was adjusted to storage buffer conditions, namely final buffer concentrations of 20 mM HEPES pH 8, 350 mM KCl, 25% Glycerol, 0.8 mM DTT, 3.2 mM MgCl 2 , and stored at À80°C.
All protein concentrations were estimated from absorbance at 280 nm using extinction coefficients calculated from the sequence with ProtParam [53] .
Nucleosome assembly
Nucleosomes were assembled from octamers, 601 sequence DNA (Table S2 , Doc. S1), and crDNA (Doc. S1) using salt gradient dialysis. The assembly was prepared in 20 For the sliding assay, 100 nM INO80, 2 mM ATP (Sigma), and the nucleosomes (in the presence of competitor DNA from nucleosome assembly) were used, with a final concentration around 50 nM nucleosomes, thereof 1/10 labeled nucleosomes, and 10 ngÁlL À1 crDNA. The reaction was incubated for 1 h at 27°C and stopped by addition of k-DNA (NEB) to a final concentration of 115 ngÁlL À1 .
The quenched sample was analyzed by native PAGE (3-12% Bis-Tris; ThermoFisher) and fluorescent samples were imaged on a ChemiDocMP system (BioRad Laboratories).
The binding assays in Fig. 2 were performed in 20 mM HEPES pH 8, 50 mM KCl, 8% Glycerol, 2 mM CaCl 2 and 2 mM ADP, analyzed by native PAGE (3-12% Bis-Tris) and visualized using the Typhoon imaging system (GE Healthcare). Gel bands were quantified using IMAGEJ [54] .
Total internal reflection fluorescence microscopy (TIRFM)
TIRF microscopy was performed as described in Ref. [55] . Briefly, nucleosomes were diluted in remodeling buffer to a concentration on the order of 10 pM labeled nucleosomes (equivalent to ca. 0.1 nM nucleosomes, <0.05 ngÁlL À1 crDNA) and loaded to a PEG-coated sample chamber with a syringe pump (PHD2000 Harvard Apparatus) either in the absence or presence of 39 nM INO80 and 2 mM ADP (Calbiochem now Merck).
Remodeling was initiated by buffer exchange to 2 mM ATP for 6 min (alternatively by adding 39 nM INO80 and 2 mM ATP in case of Fig. S3 ). Remodeling was allowed for 25 min at RT. If indicated, the reaction was quenched in the presence of Apyrase (NEB) for 15 min at RT. The nucleosomes were allowed to relax to a new stable position for 10 min at RT after washing the sample chamber with measurement buffer following a modified protocol developed by Blosser et al. [29] . The smFRET analysis software was provided by the Lamb Laboratory (LMU Munich) [56] . For calculation of FRET efficiencies, individual c corrections (accounting for differences in detection efficiencies and quantum yields) and b corrections (accounting for spectral crosstalk) were applied [55] if appropriate, otherwise a mean c of 0.55 and b of 0.045 were used.
Confocal spectroscopy
For smFRET measurements, nucleosomes were diluted in remodeling buffer to a concentration on the order of 100 pM labeled nucleosomes (equivalent to ca. 1 nM nucleosomes, <0.5 ngÁlL À1 crDNA). We chased off the INO80 complex from remodeled nucleosomes with competitor DNA for confocal spectroscopy experiments as described in the section Nucleosome binding and sliding assays, which was not useful in TIRF microscopy due to high background. For INO80 bound samples, nucleosomes were incubated with either 39 nM or 156 nM INO80 and 2 mM ADP. The sample was placed on a PEG-coated coverslip into a well formed by Liquid Barrier Marker (Roth).
Freely diffusing fluorescent nucleosomes were recorded at room temperature (RT) on a custom built confocal setup (Doc. S1) using time-correlated single-photon counting and pulsed interleaved excitation combined with multiparameter fluorescence detection (PIE-MFD) [57] similar to Ref. [22, 23] .
The software for data analysis (PAM -PIE analysis with MATLAB v1.0) was provided by the Lamb Laboratory (LMU Munich) and is available at https://www.gitlab.com/ PAM-PIE/PAM. An all-photon-burst-search was applied to the photon time traces [58] , selecting only fluorescent bursts with at least 10 photons in 500 ls and 50 or more photons per burst in total.
Confocal spectroscopy-derived quantitative distance information on dye positions was extracted by probability distribution analysis (PDA) [59] (Doc. S1).
Calculation of dye mean positions
Expected dye mean positions were derived from the 601 nucleosome structure (3LZ0, [60] with a modeled DNA overhang) using the FPS software [61] with a dye linker length of 19 A (Alexa647) and 15 A (Tamra6), a dye linker width of 4.5
A and a dye radius of 6 A. The isotropic Foerster radius was determined to be 67
A as described in arXiv:1710.03807v1 [q-bio.QM]. The absorption spectrum of donor only nucleosomes and the emission spectrum of free dye were integrated with the software PhotochemCAD [62] to yield the spectral overlap integral. The donor quantum yield was determined from the universal rate of radiative deexcitation for the donor dye and the fluorescence lifetime of donor-only nucleosomes.
Notably, apparent inter-dye distances are not identical to the distance of dye mean positions. To this end, we converted FRET efficiencies (TIRF data) and inter-dye distances (PDA analysis) to distances of the mean dye positions (Table 1) , as described in Ref. [63] . The distance uncertainties (Table 1) 
Results
Nucleosome assembly in the presence of competitor DNA yields high sample homogeneity Mono-nucleosomes consist of DNA and two copies of each individual histone. While in vivo histone chaperones help assemble first the H3/4 tetramer and then both H2A/B dimers onto the DNA [64] , performing salt gradient nucleosome assembly relies on stoichiometric protein educts [51] . Notably, the observation of subnucleosomal DNA-histone products recently led to the discovery of oriented hexasomes on the 601 sequence [65] .
In order to obtain homogenously assembled nucleosomes (7N66, 601 nucleosome with 7 and 66 bp overhang, respectively) and to avoid incomplete assembly side products, we made use of competitor DNA (crDNA) in the salt gradient dialysis assembly reaction (147-bp fragment of a generic DNA sequence from the pUC18 vector [66] , Materials and methods). As established for chromatin fiber formation [66] , due to its lower affinity for histone octamers, crDNA will form nucleosome core particles only after 601 sequence saturation. We find that 'undersaturated' titration points defined by no visible shift of crDNA as compared with the DNA-only control (e.g. 1.1 : 1 molar ratio of octamer to 601 DNA in Fig. 1A ) have a high propensity for an incomplete assembly side product alongside with the completely assembled nucleosome. Presumably, this side product constitutes a hexasome as observed recently [65, 67] . In contrast, 'oversaturated' titration points form yet another defined 601 DNA-histone complex with reduced electrophoretic mobility alongside with complete binding of crDNA (e.g., 2.0 : 1 molar ratio of octamer to 601 DNA in Fig. 1A) . A possible conformation that can explain the observed reduced mobility is that of an overlapping dinucleosome [68] . At intermediate concentrations, nucleosomes are packed completely and no additional side products are observed (e.g., 1.7 : 1 molar ratio in Fig. 1A ). Taken together, nucleosome assembly in the presence of competitor DNA is a convenient tool to assess the 601 DNA saturation of the assembly and to prepare homogenous nucleosome samples.
We extended our protocol using the entire pUC18 plasmid backbone as crDNA (Fig. 1B) . The assembly strategy works equally well for wild-type and all Table 1 . Expected and measured distances of dye mean positions for the LF nucleosome before and after INO80-mediated remodeling. Of note, remodeling was quenched with apyrase in TIRF microscopy and lambda-DNA in confocal spectroscopy measurements. tailless nucleosomes (Fig. S1A,B ) and the resulting material (best titration points summarized in Fig. 1B ) is highly homogenous. Therefore, it can be used directly without the need of further purification to study nucleosome remodeling at the single-molecule level. Of note, for single-molecule applications, only 1/ 10 of the nucleosomes (7N66) was packed against labeled 220-bp DNA (fluorescence readouts Fig. 1B,  Fig. S1D ). As seen in the SybrGold stained gel, 9/10 of nucleosomes are unlabeled and packed to 7N46 particles. The labeled 7N66 mono-nucleosomes used in this single-molecule study are (i) low FRET Fp13 (Tamra6)Rm84(Alexa647), abbreviated with 'LF', (ii) high FRET Fp13(Tamra6)Fm72(Alexa647), abbreviated with 'HF_A', and (iii) high FRET Fp13(Tamra6) Fm65(Alexa647), abbreviated with 'HF_B'. The nomenclature directly explains the location of the labels (Fig. 1C) , for example, the construct (i) is labeled (on the forward primer, 'F') at a position 13 bp away from the dyad in 3 0 direction (plus, 'p') with Tamra 6, and at a position 84 bp away from the dyad in 5 0 direction (minus, 'm') with Alexa647 (on the reverse primer, 'R'). Thus, the acceptor label is placed on the entry DNA and the donor label on the opposite side of the nucleosome dyad (near superhelical location SHL-1.5) (Fig. 1D) [69, 70] . Fig. S1. (B) Overview of the six assembled nucleosome constructs wtHF_A, atHF_A, wtLF, atLF, wtHF_B, atHF_B used for smFRET measurements; left: fluorescence readout for double-labeled 220 bp 601 DNA; right: SybrGold staining of the same gel, (C) 601 sequence [24] for 7N66 nucleosomes with donor (green) and different alternative acceptor (red) label positions, namely HF_A, HF_B, LF (see text). 7-bp and 66-bp linkers are written in brown letters, and the 147-bp nucleosome core DNA in black letters. The 145 bp that form histone-DNA interactions for the 601 sequence [7, 95] are underlined with a base-pair-ruler. (D) Description as in (A) depicted in the direction of the dyad (black circle) for the different single-molecule FRET constructs. NCP, nucleosome core particle; wt, wild-type; at, all tailless; crDNA, competitor DNA; molar ratios of octamer:601 DNA are indicated for each lane of the native polyacrylamide gels.
nucleosome concentrations, we next determined INO80 binding conditions for 7N66 nucleosomes (in the absence of competitor DNA) (Fig. 2) . We found a regime with < 30% of nucleosomes bound for < 5 nM INO80 and a regime with < 80% bound for < 20 nM INO80. In this intermediate regime, the gel shows different bands, indicative of different complex conformations. For > 40 nM INO80, more than 90% of nucleosomes are bound and only a single band is observed in the gel, that is, the complexes show a uniform conformation. Importantly, the INO80 complex binds wild-type and all tailless 7N66 nucleosomes with equal affinity (Fig. 2, Fig. S2 ).
The INO80 complex robustly repositions wildtype and all tailless surface tethered nucleosomes while exhibiting marked differences in the bound state
We next tested whether the INO80 complex repositions nucleosomes under smFRET conditions using double-labeled surface-immobilized nucleosomes (Materials and methods). We designed end-positioned nucleosomes (7N66) with an initial FRET efficiency of E = 48% (r = 6%, Fig. 3A, blue) . Assuming that for stable nucleosome states formed either from remodeling intermediates and/or after remodeling, the DNA adopts the canonical path on the octamer core, we postulate the acceptor label on the entry DNA to move into the nucleosome core and the donor label to move from one side of the dyad to the other side of the dyad on the opposite gyre. Therefore, FRET is expected to have increased after remodeling.
When binding INO80 to the wild-type nucleosome in the presence of ADP, the FRET efficiency distribution only changed marginally (E = 45%, r = 9%, Fig. 3B, green) . Thus, the INO80 bound state does not substantially alter the apparent distance of the two labels; however, we cannot exclude changes in the nucleosome structure upon INO80 binding, as FRET studies depend on the relative label positions and a particular position could be insensitive to changes in a certain direction [71] .
Importantly, upon addition of 2 mM ATP, we observed an increase in FRET efficiency as expected for INO80-mediated nucleosome remodeling (E = 85%, r = 5%, Fig. 3C, red) . These data were obtained after incubation with ATP and subsequent relaxation of the remodeled nucleosomes to stable nucleosomal states upon buffer exchange (end-point assay, Materials and methods). Note that remodeling using prebound INO80 complexes was not complete (45% remodeling in Fig. 3C ). We attribute this observation to the fact that not all observed nucleosomes had an INO80 complex bound and/or to a small fraction of inactive remodeling complexes. When estimating the expected FRET efficiency for different putative remodeled states (Table 1) of energetically favored positions after 10 bps, 20 bps, or 30 bps [72, 73] of remodeling (Materials and methods), we find that the observed FRET efficiency is in a good agreement with any of these possible states.
We used a constant flow of remodeling buffer, to ensure that remodeling of the individual immobilized nucleosomes was driven by a prebound remodeler. Thus, these results proof that the INO80 complex is a processive molecular machine using several ATPase cycles accompanied by incremental translocation steps (Introduction) to reposition nucleosomes while staying engaged to the nucleosome. This result might have been expected since several of the INO80 submodules contribute to nucleosome and/or DNA binding [42, [74] [75] [76] . We propose that either the ATPase itself acts as a processive translocase, or alternatively the INO80 submodules take turns in tethering the complex to the nucleosome in case the ATPase lets go off its substrate. Next, we wanted to test the influence of nucleosome tails on INO80 binding and nucleosome remodeling. Therefore, we repeated the smFRET experiments on immobilized nucleosomes using nucleosomes lacking all histone tails. The all tailless nucleosome showed a somewhat decreased FRET efficiency compared to wild-type nucleosomes (E = 37%, r = 7%, Fig. 3D , blue). Differences in entry DNA coordination for histone tail deletion constructs have been reported previously [13, 14, 17] . Our observations show that despite a slightly different conformation of the entry DNA and thus lower FRET efficiency for the nucleosome educt, there is a similar FRET efficiency peak width and thus a well-defined DNA conformation of the linker DNA, similar to that observed for wild-type nucleosomes.
In contrast, INO80 binding to all tailless nucleosomes in the presence of ADP led to a significant change in the observed single-molecule FRET distribution (Fig. 3E, green) . The resulting histogram can no longer be described using a single Gaussian function; instead, we observe a quasicontinuum of FRET states, which has to be fitted with at least three different Gaussians (E = 9%, 22%, and 48%; r = 3%, 9%, and 10%, respectively, comprising 13%, 30%, and 57% of the data).
We repeated the nucleosome remodeling experiments with the all tailless nucleosomes, resulting in a sharp peak in the observed histogram at high FRET efficiency (Fig. 3F , red, E = 87%, r = 6%). As for wildtype nucleosomes, this peak again arises from processive remodeling of prebound INO80 complexes. Again remodeling is incomplete (39% remodeling in Fig. 3F) , and the unremodeled part of the histogram is reminiscent of the heterogeneous bound states in the presence of ADP (gray background histogram). Importantly, > 90% of the observed surface-immobilized all tailless nucleosomes are intact during the course of the experiment.
Given that we tailored experimental conditions for the nucleosome remodeling end-point assay, we observed only a small percentage of dynamically switching fluorescence time trajectories occurring concomitantly with the static molecules presented in Fig. 3 for nucleosomes alone (examples in Fig. S6D,G) , nucleosomes in presence of INO80 and ADP (examples in Fig. S6E,F and H,I ), or remodeled nucleosomes Table S1 .
(data not shown). However, we observed prolonged real-time smFRET transitions between different states upon addition of INO80 and ATP in the presence of an oxygen scavenging system (exemplary smFRET data shown in Fig. S6B,C) . A detailed mechanistic analysis is beyond the scope of this study, as for the label position of our LF construct, discrimination of double-labeled nucleosomes that display previously reported inherent nucleosome dynamics before or after remodeling (such as breathing [77, 78] , dimer splitting [79] , or gapping [80] ) from real-time INO80 remodeling is extremely challenging.
Nucleosome integrity is maintained during remodeling and fully consistent with expected remodeled positions
In order to test nucleosome integrity after INO80 remodeling, we used single-molecule FRET confocal spectroscopy (Materials and methods). The abovementioned labeling scheme for nucleosomes allowed us to make sure that every nucleosome substrate is at the most double labeled, (one acceptor and one donor molecule) in contrast to previous single-molecule FRET studies on chromatin remodelers, which use histone labeling and therefore critically rely on measurements of immobilized complexes to sort out nucleosomes with two donor labeled histones [28] [29] [30] . Additionally, the 7N66Fp13(Tamra6)Rm84(Alexa647) construct allows us to clearly discriminate between end-positioned and remodeled nucleosomes without being limited by the dynamic range of FRET. For the educt and remodeled wild-type nucleosomes that show a shift in electrophoretic mobility, the observed FRET efficiency change in the confocal setup is comparable to that obtained using TIRF microscopy (Fig. 4A) .
In order to rule out that the observed structural heterogeneity of the INO80 bound states for all tailless nucleosomes (in contrast to a homogenous bound state for wild-type nucleosomes) is caused by interactions with the surface of the flow chamber, to which the nucleosomes are bound, we repeated the experiments Table S1 . Red fluorescence readout of native PAGE is shown. Green fluorescence readout of the same gels in Fig. S4D ,E, respectively.
using nucleosome-ADP-INO80 complexes freely diffusing through the focus of a confocal microscope (Materials and methods). The observed FRET efficiency histograms closely resemble that from the experiment of immobilized complexes (Figs 3B,E and 4B,E), respectively, thus establishing that the observed heterogeneity is a result of INO80 binding to all tailless nucleosomes. We hypothesize that this difference has functional importance (Discussion). Moreover, the data for remodeled all tailless nucleosomes (Fig. 4D) , tested for the new position on the DNA by native PAGE, are in agreement with the data for TIRF microscopy (Fig. 3F) . After remodeling, the FRET population for the un-remodeled counterpart for the quenched nucleosomes has disappeared (almost) completely (Fig. 4D) , emphasizing that the integrity of the nucleosomes is maintained during remodeling. In contrast to the described experiments (for wild-type and all tailless nucleosomes) using prebound INO80 complexes, remodeling is more complete in these experiments (Table S1 , Fig. 4A,D, Fig. S4 ) and is also more complete in similar surface-based experiments (Fig. S3) . Presumably, nucleosomes that are processively remodeled are bound by an active remodeler during the incubation period, while in other experimental scenarios, an active remodeling complex can bind to its substrate any point in time.
To quantify the agreement of expected FRET efficiencies with TIRF data and confocal spectroscopy data, we applied PDA to the confocal FRET (Materials and methods, Fig. S5 , summarized in Table 1 ). The consistency of the model with both, confocal and TIRF data, highlights the precision of our study.
Discussion
Here, we report a single-molecule level assay for INO80, based on the relative movement of FRET labels on the nucleosome. We used this assay to address the influence of histone tails on nucleosome recognition and sliding by INO80.
We found that while binding wild-type and all tailless nucleosomes with equal affinity, the bound state of INO80 in the presence of ADP is homogenous for wild-type nucleosomes and heterogeneous for all tailless nucleosomes. When thinking about the mechano-chemical cycle of ATP-dependent nucleosome remodeling by INO80, nucleosome recognition and the bound state are part of the cycle and thus of functional importance. Previously, it had been shown that INO80 remodeling on all tailless nucleosomes is faster than for wild-type nucleosome [45] and that initiation of remodeling is functionally different from the continued remodeling reaction by INO80 [49] . More precisely, nicked nucleosome constructs have been reported to have a considerable effect on initiation of remodeling by INO80, but only have marginal effects on continued remodeling [49] . Based on these results and the data presented here, we conclude that the histone tails are a major regulatory barrier for INO80 nucleosome invasion. We, therefore, propose that for the case of all tailless nucleosomes, the energy landscape has been modified, so that multiple structural states of the nucleosome are populated due to a bound INO80 complex (Fig. 5) . Interestingly, INO80 subunits that have been mapped to the periphery of the nucleosome free region like Arp8 and Ies5 [81] also crosslink to histone tails [42] , suggesting that histone tail interactions possibly also constrain conformations of the bound INO80.
A consequence of this result is that the structurally heterogeneous INO80 bound state also possesses a lowered energy barrier for initiation of remodeling, thus giving a structural perspective for the previous biochemical results. The INO80 complex is considered to primarily monitor the nucleosome flanking DNA length [45, 82] and the observed increase in remodeling remodeling. While INO80 binds with the same affinity to wild-type and all tailless nucleosomes, single-molecule FRET data show a homogenous bound state for wild-type nucleosomes and a heterogeneous distribution for all tailless nucleosomes. The INO80 complex repositions both, wild-type and all tailless nucleosomes, in a processive manner. We propose that the known faster nucleosome repositioning [45] for all tailless nucleosomes can be explained by the heterogeneity of bound states for the all tailless nucleosomes, which causes a lowered energy barrier (for details see text). For exact FRET label positions, we refer to Fig. 1C,D. rate in the absence of histone tails is accompanied by an increased ATPase rate [45] . Thus, we assume that studying the INO80 complex activity in the absence of histone tails reports mainly on effects on the active site of the remodeler.
The limited number of available structural [70, 83, 84] and mechanistic studies on DNA translocation by the ATP-dependent nucleosome remodelers ISWI, Chd1, SWI/SNF, or of histone exchange by SWR1 [73, [85] [86] [87] [88] [89] [90] revealed a unique ATPase motor position around SHL2/-2. However, the underlying mechanism for INO80 might be different, as the Ino80-ATPase has been mapped near SHL-6 close to the DNA entry site of the nucleosome [49] .
Another enzyme that, like the INO80 complex, invades the nucleosome from one side is RNA polymerase (RNAP) [91] [92] [93] . In the case of elongating RNAP II, it was shown that RNAP exploits brief nucleosomal fluctuations (partially unwrapped DNA) for transcribing through the nucleosome [93] . For tailless nucleosomes, significantly fewer and shorter pauses of transcription were reported [17, 94] , specifically at the DNA entry region of the nucleosome [17] . Therefore, the effect of the altered energy landscape for INO80 bound to all tailless nucleosomes likely resembles the situation for RNAP that has to overcome a barrier before passing through the nucleosome. Taken together, this barrier is more rigid in the presence of histone tails. Compared with INO80 remodeling, this notion goes along with the fact that for initiation of remodeling, torsional strain needs to build up [49] and an additional energy input might be required. In the light of our study, this raises the possibility that the reported increase of the rate of INO80-mediated nucleosome movement for histone tail deletion constructs [45] may be due to decreased nucleosome stability. This could lead to an improved accessibility of the ATPase motor to the translocation site or a smaller number of futile ATPase cycles for the all tailless nucleosomes.
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